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In the Malargűe area, there is no such obvious topographic feature as Tromen volcano, but the area does contain a large amount of volcanic and magmatic rocks, mostly of Neogene or Quaternary ages (Fig. 1) . Furthermore, bitumen mines are numerous and some of them are exceptionally large. Some authors have suggested that maturation and migration of petroleum in the northern Neuquén Basin could be, at least in part, due to volcanic or magmatic activity (Rodriguez et al., 2007 (Rodriguez et al., , 2009 Witte et al. 2012) . Nevertheless, there are still many questions about such a possible correlation. As a result, we decided to revisit the bitumen mines of the Malargűe area, as well as others in Mendoza province. We worked at two different scales, first by comparing as many mines as possible in the region, then by studying in detail La Valenciana Mine, which for many years was the most productive, in the area to the West of Malargűe city. As part of this work, we have used the 39 Ar- 40 Ar method, to date magmatic rocks near the main bitumen occurrences.
Geological setting
The Neuquén Basin lies on the eastern side of the Andes (Fig. 1) . The complex history of the basin began by the development of a series of Permo-Triassic grabens during a phase of continental extension, when the Choiyoi Group accumulated (Vergani et al. 1995) , (Fig. 2) .
Then, during the Jurassic and Early Cretaceous, the basin was subject to thermal subsidence and a eustatic rise in sea level, so that marine transgressions from the Pacific Ocean led to deposition of a thick stratigraphic sequence (some 5000 m), from the Remoredo Fm to the top of the Mendoza Group (Vergani et al. 1995; Franzese and Spalletti 2001; Franzese et al. 2003 ). In the Late Cretaceous a change in tectonic setting led to inversion of the basin and formation of a fold-and-thrust belt in the foothills of the Andes (Cobbold and Rossello 2003) , (Fig. 1) . At the same time, uplift and erosion provided clastic material for deposition of the Neuquén Group, further eastward (Fig. 2) . The last marine deposits in the area (the Malargűe Fm of Maastrichtian to Palaeogene age) were due to transgression from the Atlantic Ocean (Legarreta and Gulisano 1989) , (Fig. 2) . Sedimentation then continued under continental conditions, producing synorogenic Tertiary strata (Fig. 2 ). In the foothills of Mendoza
Province and the northernmost Neuquén Province, volcanic rocks of Tertiary or Quaternary ages are also widespread (Fig. 1) . The most common ages are Miocene and their geochemical characteristics led Kay et al. (2006) to suggest that they formed during a period, when the subducting Pacific plate was flatter than normal.
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In the northern part of the Neuquén Basin, the petroleum system is simpler than it is in the central or southern parts. In Mendoza Province, the most important potential source rock is the Vaca Muerta Fm (from the Mendoza group), which consists of deep-marine organicrich black shales (Fig.2) . Nevertheless, other potential source rocks can be found within the Agrio Fm or Triassic rocks. The Vaca Muerta Fm is also the main source rock for the entire Neuquén Basin (Urien and Zambrano 1994; Villar et al. 2006) . In Mendoza Province, the kerogen of the Vaca Muerta Fm is intermediate between Types II and III (e.g. AlberdiGenolet et al. 2013; Askenazi et al. 2013; Legarreta & Villar, 2012; Parnell & Carey 1995) .
The TOC values are very variable for the source rock in this area, from 7.57 % (area of Los Castaños) to 14.20 % (area of La Valenciana). In contrast to the central part of the basin,
Tmax values indicate that, in the Mendoza Province, the Vaca Muerta Fm has not surpassed the oil window (Parnell and Carey 1995) .
In the Malargűe area, the foothills of the Andes have the typical structure of a foreland basin, where a series of fore-thrusts and back-thrusts affect the whole sedimentary sequence (Fig. 3) . Pre-existing extensional basins (grabens and half-grabens) have been inverted, so that the Vaca Muerta source rock now crops out in the cores of anticlines (Fig. 3 ). According to recent work, the Malargűe fold and thrust belt formed between 15 Ma and 1 Ma and appears to have migrated progressively southward into the basin (Koslowski et al. 1993; Giambiagi et al. 2008; Giambiagi et al. 2009 ).
Geological evidence for fluid overpressure, while the petroleum system was active, is widespread in the Neuquén Basin. Rodrigues et al. (2009) (Borrello 1956; Parnell and Carey 1995) , (Fig. 1) . Examples are bedding-parallel veins of fibrous calcite, which historically go under the name of 'beef' (Buckland and De la Beche M A N U S C R I P T
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Bitumen mines
Bitumen mines of the Malargűe area are within the fold and thrust belt, especially between latitudes 35°S and 36°S ( Fig. 1 and Table. 1). The Vaca Muerta Fm is the main host rock for the mines, but some of them occur in the Neuquén Group or in the Malargűe Group (Table. 1 ). Within the mines, the bitumen veins are either sills or dykes. The bitumen varies in composition and maturity, from impsonite to gilsonite, but there are no obvious correlations with location or host rock (Parnell and Carey 1995) , (Fig. 4) . The mines are old and difficult to find, although mostly they lie close to roads or footpaths. 
Mercedes, Los Vascos, Minacar and Aida mines
In the southern part of the Malargűe area, four bitumen mines are visible. The first is Mercedes Mine on "Cerro Rahui" or "Monte de la Leona" mountain (n°1 in Fig. 1 and Table   1 ). Nowadays, this mine is easily accessible on foot, but outcrops of old workings are poor and have almost disappeared. Nevertheless, descriptions of the mine exist in YCF reports (Biondi, 1942a (Biondi, , 1942b and in the book of Borrello (1956) . The mine exploited mainly one bitumen sill, 0.70 to 1.50 m thick, parallel to bedding, the host rock being the Mendoza Group (Lower Cretaceous). The mine lies at the top of a hill, on an anticlinal structure, which is in fact a box-fold (Fig. 5A ). According to old descriptions (Biondi, 1942a) , at the hinge the vein is flat-lying and as much as 4.5 m thick, forming a saddle-reef. The old mine entrance is still visible (Fig. 5C ) and around it are many loose fragments of bitumen (Fig. 5B ).
At about 2 km westward of Mercedes Mine, on the other side of the Rio de la Leona, lies another old mine, Los Vascos or Santa Maria (Borrello, 1956 ). This occurs within shale of the Mendoza Group, at the bottom of a deeply incised river valley. The old workings are still visible in part and they follow vertical veins of bitumen (up to 2.2 m thick), which strike approximately E-W. Possibly these veins were feeders for the sills at Mercedes Mine. At Los
Vascos we also found many loose fragments of beef. These samples released strong odours of M A N U S C R I P T
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hydrocarbons when we broke them. They therefore contain a non-negligible quantity of volatile hydrocarbons.
The third mine in the southern area is Minacar (or General San Martin); (n°2 in Fig. 1 ; Fig. 6A and Table 1 ). This mine, which was active from 1942 to 1951, followed an anticlinorium and several bitumen veins, some of which were parallel to bedding in Lower
Cretaceous strata (Agrio Fm, Fig. 2 ), whereas others were transverse (Borrello 1956 ); (Fig. 6B & C). The main vein, which is no longer visible at outcrop, was in fact a sill or laccolith, as much as 30 m thick, which was just beneath gypsum-bearing evaporite of the Huitrin Fm (Lower Cretaceous, Fig. 2 ), or even in places reached the surface (Fester and Cruellas, 1941;  Nicolas Davis, personal communication). As in Mercedes mine, so at Minacar, the bitumen was thicker at the hinge of the anticline, than on its flanks (Borrello, 1956) , so that it formed a saddle-reef. At depth were a bitumen dyke, striking N-S, as well as shows of liquid oil (Fester and Cruellas, 1941) . At Minacar, the bitumen is about half way in composition between impsonite and gilsonite, indicating moderate maturity (Parnell and Carey 1995, their fig. 5 ).
Moreover, the ash that remains after burning the bitumen contains as much as 70% of vanadium pentoxide. As previously described by Parnell and Carey (1995) , the bitumen has a pencillate internal structure (Fig. 6C ). Near the main bitumen vein (about 50 meters from it)
an andesitic body has intruded the Agrio Fm (Fig. 6D ). The body is massive and it has metamorphosed the shales at its edges. The relationships between bitumen veins and magmatic activity are not very clear, but the proximity of both structures seems to be no accident, so much so that Fester and Cruellas (1941) inferred that magmatic activity was responsible for the bitumen veins.
The last visited mine in this area was Aida. This mine lies about 3 Km southward of the town of Bardas Blancas (n°3 on the Fig. 1 ; Table. 1). Outcrops are not of good quality, but the remains of gallery entrances are still identifiable. The mine is on the eastern side of the Bardas Blancas anticline (Gross 1950) . Bitumen occurs in the Agrio Fm, just beneath the transition with the Huitrin Fm, and it consists of veins or impregnations within shale and calcareous strata, as well as evaporites. Andesitic dykes are also present in this area (Gross 1950; Borrello 1956 ).
Mallín Largo, Los Castaños and El Toki mines
Between latitudes 35°S and 36°S, bitumen mines were numerous in the first half of the last century. Borrello (1956) mentioned not less than 25 bitumen mines in this part of the M A N U S C R I P T
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Malargűe fold and thrust belt. In this section, we will describe three other mines (Mallín Largo, Los Castaños and El Toki), which illustrate bitumen occurrences.
Los Castaños and Mallín Largo mines are close to one another (n° 7 and 8 in Fig. 1 ; Table. 1). They lie to the south of the Rio Salado, on an anticlinal structure. Los Castaños is on the western side and Mallín Largo on the eastern side of the anticline. The bitumen veins of Los Castaños consist mainly of sills, parallel to bedding in the Vaca Muerta Fm (Borrello 1956 ). Outcrops are rare, but one collected sample illustrates the pencillate structure of the bitumen within a vein parallel to bedding in shale ( Fig. 7A) . At Los Castaños, the bitumen is relatively mature, being closer to impsonite than to gilsonite (Parnell and Carey 1995, their fig. 5 ). Also within shale of the Vaca Muerta Fm, around the site of Los Castaños, we found several bedding-parallel veins of fibrous calcite (beef) (Fig. 7B ). The veins are typically 1 to 5 cm thick and contain dark patches. When we broke the beef with a hammer, we noticed strong odours of hydrocarbons.
Mallín Largo Mine lies within Neocomian strata, including the Vaca Muerta Fm. Videla
Leaniz (1946) has described the mine in some detail. Bitumen forms irregular veins (up to 3 m thick), which dip at about 70° to the NW and cut across the bedding. Only some of these veins were observed ( Fig. 7C ), because the mine is now only partly accessible.
El Toki was the third mine visited in this central part of the Malargűe area (n°6 on Fig.   1 ; Table. 1). Here bitumen veins cut through the Neuquén Group (Late Cretaceous) and
Tertiary strata (Borrello 1942a (Borrello , 1956 ). Veins are typically 0.50 to 1.50 m thick, but one of them is 40 cm thick, within Tertiary conglomerate (Fig. 7D ). Nearby is an oblique vein, which follows an eastward-verging thrust fault. Westward, some thin bitumen veins occur (less than 1 cm thick), lining a right-lateral flower structure, which has flat-lying strike-slip striations, trending at 035°. Thus in this area there is evidence for bitumen generation during Tertiary transpressional tectonics.
Eloisa and General Mitre mines
In the northern Malargűe area, two mines caught our attention, Eloisa and General
Mitre. Eloisa lies at an altitude of 3100 m, at the northern head of a valley (about 7 km long) and it is accessible on foot or on horseback (n°11 on Fig. 1 ; Table. 1). Salas (1892) identified bitumen in this area. Today the mine workings have almost disappeared, but we found some good outcrops (Fig. 8A) . Borrello (1942b Borrello ( , 1956 ) has provided a detailed description of the area. The sedimentary sequence is Mid-Jurassic to Mid-Cretaceous in age. However, it has M A N U S C R I P T
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been overturned above an eastward-verging thrust fault and now dips gently westward. In the East, mine workings follow bitumen dykes (trending about 075°), which have intruded continental sandstones of the Neuquén Group, beneath clays and evaporites of the stratigraphically older Huitrín Fm (Fig. 8A ). Further W, bitumen sills (up to 2 m thick) lie parallel to bedding within the Huitrín evaporites (Borrello, 1956, figure 92) . Above them, the Mendoza Group contains an andesite sill, and small dykes of bitumen crosscutting it. Similar dykelets of bitumen also crosscut the Vaca Muerta Fm. Finally, to the E of Eloisa Mine, Tertiary volcanic rocks (andesites) unconformably overlie the sedimentary sequence. We did not find bitumen within them.
General Mitre (n°10 on the Fig. 1 ; Table. 1) is an easily accessible mine, lying as it does near a farmhouse, along a provincial road. Again, Salas (1892) was the discoverer. Bitumen there forms several dykes, 50-60 cm thick, which strike at about 70°N, cutting through the Late Cretaceous Neuquén Group (Fig. 8B) , (Borrello 1956 ). At Mitre mine, the bitumen is the least mature, being closer in composition to gilsonite, than to impsonite (Parnell and Carey 1995, their fig. 5 ). Structurally the mine is to the S of a thrust fault (Fig. 1) .
La Valenciana Mine
The discovery of La Valenciana (n°5 in Fig. 1 ; Table. (Fig. 12C) . They have an average strike of 100-110°N and cut though the entire syncline. This orientation for dykes is consistent with the shortening direction during late Oligocene to Early Miocene ages. In detail, however, the dykes appear to form a somewhat radial pattern, as if they emanated from a large intrusive pluton, the Cerro Puchenque (Fig. 10) . In general, the sills are somewhat thinner (1 to 10 m thick).
In contrast, in the northern part of the La Valenciana syncline, intrusive rocks are not of andesitic composition, but dacitic (Fig. 12D) . Structurally, these dacitic intrusive rocks (sills and dykes) seem to cut the andesitic bodies, but the relationships are not clear everywhere. At its NE end, the main bitumen sill seems to terminate against a major andesitic dyke ( Fig. 10; see also Meyerhoff 1948, his fig. 3 ). Nevertheless, we have seen no evidence allowing us to determine the relative timing of the bitumen sill and the andesitic dyke. However, in the YCF report by Ljungner (1931) an interpretative cross-section of the La Valcenciana Syncline shows that the volcanic activity post-dates the main bitumen intrusion.
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Other occurrences of bitumen lie around the La Valenciana Syncline. La Malarguina, which crops out at about 5 km SW of La Valenciana, is one of these other small mines (Table   1 , Fig. 1 ). According to Borrello (1956) , bitumen veins of high thermal grade, 2 to 5 cm thick, were visible there, at the edges of a dyke and sill of Tertiary andesite. Similarly, at another locality (La Francesa), some 2.5 km NNE of La Valenciana, small bitumen veins (up to 2 cm thick) occupied joints within a large sill of andesite. Thus the evidence in this region is for bitumen generation during volcanic activity.
Volcanic rocks
In the Malargűe fold and thrust belt, volcanic rocks are abundant (Fig. 1) . Most of them are of Tertiary or Quaternary ages. Geologically, bitumen mines lie in general near local volcanic provinces. This is so for the mines (previously described) Minacar, Aida, El Toki, Los Castaños and Eloisa, but also for La Valenciana Mine, described in the previous section.
On the basis of these observations, volcanic rocks have been investigated more intensively.
Because the bitumen mines are old and degraded, no direct structural relationships between bitumen veins and igneous rocks have been observed. However, they were sampled for 39 Ar dating ( Table 2 , Fig. 9 ). These volcanic rocks are mainly of andesitic composition, but some of them are of dacitic composition. This is particularly clear in the northern part of the La Valenciana syncline (Fig. 10, 11C & 11D) . In detail, 39 Ar-40 Ar age spectra have been obtained for 42 samples of whole rock or phenocrysts, from 7 localities (Figs. 9 & 13; Table   2 ). Nonetheless, some samples did not provide any plateau ages. That is why Table 2 shows only 38 analyses.
Except for the La Valenciana samples, the results fall into two main groups. The first group is of Miocene age and ranges from 10.3 to 14.2 Ma. The second group is of Quaternary age, from 0.75 Ma to 0.20 Ma (Fig. 9) . Only one area, near Eloisa Mine and the Rio Diamante, yielded different ages, between 3.6 Ma and 6.2 Ma (Fig. 9 ).
The samples from the La Valenciana Syncline are of andesitic or dacitic intrusive rocks, and also of ignimbrites, which lie mostly in the valleys of the La Valenciana Syncline. Of 20
samples from the La Valenciana area, 18 have yielded Miocene ages (14.6 to 9.4 Ma, Langhian to Tortonian, Fig. 13 ). This corroborates the stratigraphic chart and geological map (at a scale of 1:250,000) for the Malargüe area (Nullo et al. 2005) , which have these volcanic M A N U S C R I P T
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rocks ("Ciclo Eruptivo Huincán") as "Lower to Upper Miocene" in age (14 to 5 Ma). In detail, andesitic intrusive rocks yield ages from 9.9 to 14.6 Ma, whereas dacitic rocks display slightly younger ages, from 9.4 to 9.9 Ma (Table. 2, Fig. 13 ). In contrast, the two very recent ages (0.18 and 0.17 Ma, Fig. 13 ) correspond to Quaternary ignimbrites.
Discussion
Evidence for hydrocarbon migration is abundant in the Malargűe fold and thrust belt.
Most obvious at the surface are the bitumen mines and veins. Nevertheless, the timing of generation of the bitumen is still uncertain. From the burial history and assuming a standard thermal gradient (30°C/km), Parnell and Carey (1995) All occurrences of bitumen and beef veins are the results of fluid overpressure, which led to natural hydraulic fracturing of the rock (e.g. Rodrigues et al. 2009 ). This phenomenon is very common in sedimentary basins and generates either sills or dykes, depending on the tectonic context of the basin, as previously illustrated by physical modelling (Zanella et al. 2014) . Bitumen sills of the Malargűe area tend to occur within anticlines as saddle-reefs, a good example being Mercedes Mine. This is evidence that hydrocarbons were migrating during a phase of compressional tectonics, when σ v was the minimum stress. Even if this condition is not necessary to develop horizontal hydraulic fractures, it indicates that sills are easier to generate than dykes within an anisotropic and impermeable source rock (for example, the Vaca Muerta Formation). Furthermore, the bitumen tends to have a pencillate internal structure, which suggests progressive opening of veins, as a result of high fluid pressure (Parnell and Carey 1995) . Further evidence for overpressure is the presence of beef veins along the fold and thrust belt. These bedding-parallel veins of fibrous calcite also indicate progressive opening, as a result of high fluid overpressure within the enclosing strata, which commonly are source rocks for petroleum (Rodrigues et al. 2009; Cobbold et al. 2013) . Ar analyses are consistent with this timing and allow a more detailed geochronological interpretation for this part of the basin. Indeed, two distinct peaks of intense volcanic activity are visible in the northern part of the Neuquén Basin (Fig. 14) . At a regional scale these two volcanic activities range firstly from 11.9 to 14.9 Ma and secondly from 9.2 to 11.2 Ma ( From what we have seen so far, we would infer that volcanic activity, compressional tectonics and bitumen generation are probably all of Miocene age in the Malargűe fold-and-thrust belt. For analytical procedure, see Ruffet et al. (1991 Ruffet et al. ( , 1995 . Irradiation standard was sanidine TCR-2 (28.608 ± 0.033 Ma according to Renne et al., 1998 Renne et al., , 2010 Renne et al., and 2011 ). For each step, error bars are at 1σ level. For location of samples, see Table 2 . Ruffet et al. (1991 Ruffet et al. ( , 1995 . Irradiation standard was sanidine TCR-2 (28.608 ± 0.033 Ma according to Renne et al., 1998 Renne et al., , 2010 Renne et al., and 2011 ).
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Figure captions
For each step, error bars are at 1σ level. Table 1 . Bitumen mines of the Malargűe fold-and-thrust belt that we were able to visit. For location on regional map, see Figure 1 . 
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